ABSTRACT The poultry industry has made significant advances in growth rate, feed efficiency, and breast muscle yield through intensive breeding of turkeys. However, a meat quality problem known as pale, soft, exudative (PSE) meat presents the industry with a major challenge during periods of stress, such as the onset of a prolonged heat wave. The biochemical characteristics of PSE turkey are strikingly similar to those of PSE pork.
INTRODUCTION
Consumer demand for poultry products over the last 4 decades has led to unprecedented increases in poultry production, with turkey production alone increasing approximately 300% since 1970 (National Turkey Federation, 2009 ). This increase was achieved, in part, by enhancements in growth rate and carcass yield, coupled with increases in breast proportion and reduction in abdominal fatness. The improvements on these traits are mainly due to the high heritabilities of BW and body composition during breeding (Le Bihan-Duval et al., 2003) . The modern commercial turkey tom now reaches a market weight of approximately 18 to 20 kg in 16 to 18 wk, compared with the turkey of 50 yr ago, which averaged weights of 8 to 10 kg gained over 26 wk (G. Strasburg, unpublished data) . These achievements of breeding, however, appear to have come with a hidden cost in the form of increased frequency of meat quality problems. One of the most frequent challenges to the meat industry associated with the intensive selection for increased muscling in turkey is the development of pale, soft, and exudative (PSE) meat.
The term PSE was originally a descriptor for a pork product, characterized by light color, flaccid texture, poor water-holding capacity, and substantially reduced cook yield (Wismer-Pedersen, 1959; Cassens, 2000) . Subsequently, the turkey processing industry noted meat quality problems strikingly similar to that of PSE pork (Sosnicki et al., 1998) . Although PSE pork is readily identifiable both by processors and consumers based on inferior color, identification of PSE poultry is somewhat problematic because of the more subtle differences in color between normal and PSE poultry muscles compared with pork. Indeed, the problem of PSE poultry is most apparent as a loss of protein functionality in processed meat products (e.g., protein insolubility, poor water-holding capacity, poor protein gelation properties, and excessive moisture loss during cooking of the product).
It is generally accepted that PSE turkey meat is more commonly found among birds that have been subjected to severe antemortem stress. The onset of a prolonged heat wave, transportation, and struggling of birds before slaughter have been shown to trigger the acceleration of postmortem glycolysis in turkeys associated with PSE meat (McCurdy et al., 1996; McKee and Sams, 1997) . Among those stressors, heat probably is the most influential factor for PSE meat development. Estimates of the incidence of PSE turkey indicate that up to 40% of birds may be affected with the onset of hot weather (Barbut, 1993; Owens et al., 2000) . To date, no molecular mechanism has been offered for this summer yield PSE problem.
Genetic factors are likely to play a role in the relative ability of a bird to adapt to stressors, thereby influencing the probability of developing PSE meat. Evidence for a genetic component of PSE turkey is limited and has been suggestive rather than direct. McCurdy et al. (1996) used color score measurements (L* lightness values) to assess the frequency of the PSE meat problem. Using high L* readings as predictors of PSE turkey, they observed considerable flock-to-flock variation, with several flocks having as little as 1% and 1 flock as much as 29% of birds showing PSE quality.
The long-term goal of our laboratory has been to define the molecular mechanisms and genetic contributors which ultimately lead to PSE meat. The purpose of this presentation is to summarize our research on the PSE turkey problem over the past several years, which has primarily focused on the role of ryanodine receptors (RYR) in regulation of calcium in muscle. For a recent comprehensive review of the PSE meat literature, refer to Barbut et al. (2008) , which provides an excellent broad-based comparative analysis of the literature on the PSE problem in porcine and avian muscle foods.
Studies on PSE Pork and Human Muscle Diseases Inform PSE Poultry Research
The mechanisms underlying development of PSE meat are poorly understood; however, it is widely accepted that PSE meat results from postmortem hypermetabolism of skeletal muscle. Porcine stress syndrome (PSS) has historically served as the model of hypermetabolism by pigs in response to stress. Upon exposure to heat, transportation, or mating, stress-susceptible pigs frequently develop malignant hyperthermia (MH). This syndrome is characterized by excessive heat and lactic acid production coupled with augmented glycogenolysis and anaerobic glycolysis, all of which are coupled with severe muscle contracture. Porcine stress syndrome-MH often results in death of pigs before slaughter (Mitchell and Heffron, 1982) , whereas stress-susceptible pigs that go through the slaughter process yield a higher incidence of PSE meat than non-stress-susceptible animals (Lundström et al., 1989; Offer, 1991) . The combination of high carcass temperatures and acidic muscle pH during the early stages of postmortem conversion of muscle to meat lead to denaturation of myofibrillar proteins. The denatured proteins thus lose solubility and water-holding capacity (Boles et al., 1992; Pommier and Houde, 1993; De Smet et al., 1996) , 2 essential characteristics that determine the quality and acceptability of processed meat products (Cassens, 2000) . Malignant hyperthermia has also been recognized in humans since 1960 as an inherited skeletal muscle disorder triggered by response to administration of certain anesthetics such as halothane (Gronert, 1980) . As in pigs, human MH frequently results in death unless an attending physician is able to intervene by treating the patient with the muscle relaxant dantrolene sodium.
Although there is not a comparable MH phenotype in poultry, there is ample evidence that postmortem hypermetabolism of skeletal muscle underlies the development of PSE turkey meat. Pietrzak et al. (1997) observed that turkey breast muscles, segregated into groups based on high 20-min postmortem pH (pH > 6.2) or a low 20-min pH (pH < 5.8), displayed markedly different biochemical and meat quality characteristics. Breast muscles from the latter group displayed lower mean adenosine triphosphate concentrations, higher lactate levels, lower water-holding capacity, lower cook yield, and lighter color. These results are consistent with the biochemical description of PSE pork and are suggestive of rapid postmortem glycolytic metabolism.
The cytosolic free calcium ion concentration in muscle exerts primary control over the initiation, time course, and force of contraction, as well as metabolic events associated with modulation of calcium concentration. The process of excitation-contraction coupling is largely responsible for modulating intracellular calcium fluxes and may be summarized as follows. Muscle contraction is initiated by motor neurons, which trigger depolarization of the resting muscle voltage across the sarcolemma. The resultant voltage change induces a conformational change in the dihydropyridine receptor (DHPR), an intrinsic, oligomeric protein located in the T-tubules of the muscle fiber (Figure 1 ). The conformational change in the DHPR is transmitted to the calcium release channel (also called the RYR), which is embedded in the sarcoplasmic reticulum (SR). This organelle serves as the reservoir for Ca 2+ when muscle is at rest, and when the calcium channel opens, Ca 2+ rapidly diffuses out of the SR into the sarcoplasm, increasing the cytosolic concentration of Ca
2+
. The rise in Ca 2+ triggers the myofibrillar proteins to initiate contraction of the muscle fiber while stimulating metabolic pathways, which provide the supporting energy. When motor neuron stimulation ceases, the sarcoplasmic calcium concentration is reduced by active transport of Ca 2+ back into the SR via the Ca-ATPase pump, and muscle resumes its resting state.
The SR calcium release channel is also known as the RYR because of its high affinity for ryanodine, a plant alkaloid with paralyzing effects on muscle tissue (Jenden and Fairhurst, 1969) . It was later shown that RYR actually comprise a family of proteins, each with specific functions in different tissues. Messenger RNA for 3 RYR have been cloned and sequenced from mammalian tissues and are encoded by separate genes: ryr1 from skeletal muscle (Phillips et al., 1996) , ryr2 from cardiac muscle (Nakai et al., 1990) , and ryr3 from brain and other nonmuscle tissues (Hakamata et al., 1992) . The gene products share sequence identities in the overall range of 60 to 70%.
It has been known since the 1980s that abnormal calcium homeostasis is a key underlying factor in the development of PSS and human MH. Various workers demonstrated that there existed an abnormality in the calcium release mechanism of porcine skeletal muscle that was correlated with PSS (Nelson, 1983; Mickelson et al., 1986) . The isolation and characterization of the RYR in the late 1980s (Lai et al., 1989; Zorzato et al., 1990) suggested that this protein was a primary candidate for the calcium release abnormality in PSS pigs and MH-susceptible humans. Subsequent studies by MacLennan's group showed that a mutation in the porcine RYR leads to a substitution of cysteine for arginine at amino acid residue 615 (Fujii et al., 1991) . The mutant channel is poorly regulated, resulting in an elevation of resting sarcoplasmic [Ca 2+ ], which, in turn, is believed to be associated with the etiology of PSS and MH (MacLennan, 2000) . The identification of this mutation provided a biochemical and physiological explanation of PSS and at least some of the incidence of PSE pork and led to the initiation of breeding strategies to eliminate this mutation from the pig population.
Although the genetic factors underlying PSE turkey meat have not been identified, the similarities in development of PSE pork and PSE turkey suggest that RYR is a candidate gene. Over 30 mutations in the skeletal muscle RYR have been described for human MH and central core disease, another skeletal muscle myopathy. Individuals with central core disease are presumptive for MH susceptibility. The mutations are clustered in 3 distinct regions of the RYR1 primary structure ( Figure  2 ). The first region ranges from amino acid residues 35 to 614 of the N-terminal domain, the second region ranges from residues 2162 to 2458, and the third region comprises residues 3916 to 4942 (Rossi and Dirksen, 2006) . Various lines of evidence indicate that these regions constitute important regulatory domains of the RYR, which control sensitivity of the channel protein to regulatory ligands and modulate Ca 2+ release. It is not surprising that mutations in these domains could have important functional consequences. The overall physiological effect of the MH mutations is an elevation of resting muscle Ca 2+ levels as a result of increased Ca 2+ permeabilities of the mutant channels (MacLennan, 2000) . The extent to which resting Ca 2+ levels are elevated depends on the nature of the mutation and on the ability of the muscle to elaborate compensatory mechanisms by increasing expression of the Ca 2+ pump to maintain Ca 2+ homeostasis.
The Ca 2+ -Release Complex in Birds Comprises Two RYR Isoforms
Unlike mammalian muscle, most avian, amphibian, and piscine skeletal muscles display the presence of 2 RYR isoforms, termed α and β, in nearly equal abundance (Airey et al., 1993) . The 2 isoforms are encoded by 2 different genes. On the basis of sequence comparisons with the mammalian isoforms, the αRYR is most similar in primary structure and function to the mammalian skeletal muscle RYR, RYR1, whereas the βRYR is most similar to the mammalian nonmuscle RYR3 (Ottini et al., 1996) .
Various lines of evidence from biochemical and animal model studies have led to a 2-component model for the calcium release mechanism in nonmammalian vertebrate skeletal muscle (O'Brien et al., 1995; Felder and Franzini-Armstrong, 2002 ). In this model, the αRYR isoform is directly coupled to DHPR, which serves as the voltage sensor for excitation-contraction coupling. Depolarization across the sarcolemma initiated by motor neuron signaling results in a conformational change in the DHPR, which triggers release of Ca 2+ from the SR via αRYR. On the other hand, the βRYR is not coupled to the DHPR, but rather is located peripherally to the SR-T-tubule junction, and its activity is governed differently. Some of the Ca 2+ released through the αRYR by depolarization-induced calcium release is believed to bind to the cytoplasmic domain of the βRYR channel, triggering its opening by calcium-induced calcium release.
Given the presence of 2 RYR isoforms, it is possible that defective calcium-regulation could reside in either isoform or both isoforms. The nature of the defect could take one or more of the following forms: 1) a mutation in the channel protein leading to calcium leak, 2) alternative splicing of the channel protein yielding a protein with different calcium release properties from the primary protein, 3) altered posttranslational modi- Figure 1 . The T-tubule-sarcoplasmic reticulum (SR) junction. The dihydropyridine receptor (DHPR) serves as the voltage sensor that detects changes in potential across the muscle membrane due to motor neuron stimulation. The DHPR undergoes a conformational change, which is transmitted to the ryanodine receptor (RYR), a large homotetrameric complex embedded in the SR membrane, which functions as a calcium channel. The channel opens, allowing diffusion of calcium ions from within the lumen of the SR to the sarcoplasm triggering muscle contraction and stimulating metabolism. The calcium-binding protein calmodulin (CaM) binds to both the DHPR and to RYR1. Reproduced from Hamilton et al. (2000) with permission. fication of the RYR, and 4) changes in expression and abundance of the channel proteins.
Evidence for Differences in Calcium Channel Activity Among Turkeys
Our group originally hypothesized that there are differences in calcium channel activity among turkeys. These differences in channel activity could lead to altered calcium homeostasis and to the development of PSE meat. To test this hypothesis, we adapted the ryanodine-binding assay of Mickelson et al. (1988) to analyze differences in calcium channel activity among birds from different genetic lines. Sarcoplasmic reticulum vesicles containing calcium release channels were prepared from breast muscles of 2 different commercial lines and from a genetically unimproved, random-bred control line of turkeys (courtesy of Karl Nestor, Ohio State University, Columbus). In comparative studies, a higher affinity binding of ryanodine (lower dissociation constant) is indicative of a longer open-state probability of the channel under a given set of conditions. In our experiments, the total SR vesicle fraction from the commercial line showed a higher average affinity for ryanodine compared with that of genetically unimproved turkeys (dissociation constant = 8.9 nM and 19.0 nM, respectively; Wang et al., 1999) . These results were consistent with those of Mickelson et al. (1988) , who showed that ryanodine-binding by SR from stresssusceptible pigs had a 3-fold higher affinity for ryanodine than that of normal pigs.
Our results suggested that RYR from genetically unimproved birds were less leaky of SR calcium; however, given the fact that there are 2 RYR in avian skeletal muscle, it was not immediately clear whether the differences lay in the αRYR isoform, the βRYR isoform, or both. Somewhat later, Murayama and Ogawa (2001) demonstrated that ryanodine binding by the αRYR isoform in SR vesicles purified from frog skeletal muscle is selectively suppressed. Because the βRYR isoform is not coupled to the DHPR and is activated by calciuminduced calcium release, the ryanodine-binding results suggest that there is enhanced sensitivity of this channel to activation by Ca 2+ .
Cloning, Sequencing, and Analysis of Turkey αRYR and βRYR Isoforms
Our initial ryanodine-binding experiments led us to the hypothesis that a mutation(s) in turkey skeletal muscle αRYR or βRYR underlies PSE turkey meat quality problems. In searching for evidence of mutations, we cloned and sequenced cDNA of αRYR and βRYR from turkey skeletal muscle. On a comparative basis, there are 5,050 amino acid residues in the αRYR and 4,873 amino acid residues in the βRYR. The estimated molecular weight is 565 kDa for the αRYR and 552 kDa for the βRYR. The 2 turkey RYR isoforms share 67% amino acid sequence identity, the αRYR shares 79%, and βRYR shares 88% amino acid sequence identity with human RYR1 and RYR3, respectively (Chiang et al., 2007) . There is no evidence to date to suggest that avian αRYR (RYR1) and βRYR (RYR3) isoforms assemble into heterotetrameric complexes comprising both isoforms.
Alternative Splicing Generates Novel αRYR Isoforms
We initially began screening the 5′ end of αRYR corresponding to hot spot 1 for mutations. At the time we began these experiments, many human MH mutations, as well as the porcine MH mutation, had already been localized to this region. Although we have discovered no mutations in this region to date, we discovered several alternatively spliced transcript variants. Two splice variants in this region comprise deletions of 81 and 193 bp, respectively. Both deletions start at the 5′ end of exon 13. The deletion of 193 bp (AS-193) corresponds to the entire exon 13, whereas the other splice variant, AS-81, is lacking the first 81 bp of exon 13. The 81-bp deletion is predicted to result in a 27-amino acid deletion corresponding to amino acid residues 416 to 442. The removal of 193 bp is predicted to lead to a frame shift, which would introduce a premature stop codon. Thus, this transcript variant would probably not encode a complete, functional channel protein.
The factors regulating the expression of the wild-type AS-81 and AS-193 variants are not clear. Our preliminary results suggest that heat stress may be a factor. Breast muscle samples from birds exposed to 2 different heat stress levels have been examined in our laboratory. Beginning 5 d before slaughter, market weight turkeys were subjected to heat stress (12 h of 35°C, 12 h of 27°C). After 5 d of heat stress, half of the turkeys were slaughtered under commercial slaughter conditions at the Michigan State University Meat Laboratory (group I). Group II turkeys were subjected to 2 more days of stress and then slaughtered under the same conditions. The expression pattern of wild-type AS-81 and AS-193 transcripts in each turkey group was studied by reverse transcription-PCR. The 2 major variants expressed in group I birds were AS-81 and AS-193. However, compared with the variant found in group I turkeys, the full-length transcript appears to be the dominant expressed in the group II turkeys. These results, which are based on a rather limited number of turkeys, suggest that the expression of the full-length AS-81 and AS-193 transcripts could be regulated by heat stress. We are currently running quantitative PCR experiments on samples from nonstressed birds as well as turkeys subjected to various amounts of heat stress to determine whether there is a correlation of transcript variant expression with ambient temperature. In addition, the results will be correlated with meat quality characteristics.
The physiological significance of the predicted 27-amino acid deletion in turkey αRYR is unknown, but it is notable that the deletion occurs within mutation hot spot 1, a region where several mutations in RYR1 are associated with human MH (Rossi and Dirksen, 2006) . From a functional standpoint, the deletion occurs within the RYR1 domain, which has been proposed as the protein-protein contact site with the DHPR (Wu et al., 1997; Baker et al., 2002) . Because the DHPR directly regulates αRYR in avian skeletal muscle during muscle contraction (O'Brien et al., 1995) , the removal of these amino acids in the DHPR-binding domain of αRYR could modulate the αRYR-DHPR interaction, which in turn could alter the kinetics of Ca 2+ release. Several additional alternative splicing transcript variants were subsequently discovered (Chiang et al., 2007) . Four variants (AS-1043, AS-401, AS-454, and AS-268) were identified downstream of the first alternative splicing region. The transcripts exhibit deletions of 1,043, 401, 454, and 268 bp (amino acid residues 1055 to 1402, 1255 to 1388, 1258 to 1409, and 1313 to 1402, respectively), and they are clustered between exons 24 and 29. Each of these deletions introduces a premature stop codon in the cDNA sequence, and thus these transcript variants would not be likely to encode a functional channel protein. One transcript variant (AS-816), which would result in a deletion of 272 amino acids (residues 4214 to 4485), has been found near the 3′ end of the transcript in mutation hot spot 3. According to the predicted RYR1 tertiary structure (Zorzato et al., 1990) , this region comprises part of the transmembrane domain of RYR1, including the transmembrane sequences M3 and M4. Thus, a deletion of these amino acids could be predicted to affect the kinetics of Ca 2+ diffusion through αRYR. In addition, this sequence resides in the C-terminal end of αRYR where several Ca 2+ binding sites have been identified, which suggests that the Ca 2+ sensor of RYR resides in this region (Wang et al., 2003) . Another splice variant, AS-246i, would result in an insertion of 82 amino acids immediately after amino acid residue 4485. Interestingly, this sequence consists of an intron, which would normally be removed by the splice mechanism. The functional consequences of this insertion are also unknown. Finally, a deletion of 57 bp near the middle of the transcript not only would result in the deletion of 19 amino acids, but there is a predicted change at one of the splice junctions of a valine residue to an isoleucine (Chiang et al., 2007) .
It should be noted here that the 4 splice variants, which potentially could be translated into protein, have been identified through analysis of the narrow regions of primary structure in which the individual variants are found. Because of the size of the full-length polypeptide chain, >565 kDa, we have not yet developed the means to look at all of the various permutations of transcript variants. For example, in addition to fulllength transcripts, there may exist a transcript with only the AS-81 deletion, whereas another transcript may display multiple splice products. Although the consequences of these variants on calcium channel function are unknown, there is evidence that the transcript variants play important roles in modulating Ca 2+ with-in the cell. Jiang et al. (2003) demonstrated that rabbit smooth muscle RYR3 splice variants assemble into heterotetramers with altered channel protein function. Their results are consistent with the general observation that alternative splicing represents a mechanism for the organism to subtly modulate biological activity in response to developmental state or environmental conditions. It will be of interest to quantify the expression of the various turkey spice variants in response to heat stress, to determine whether the corresponding proteins are indeed translated and to determine the functional differences among the various isoforms. Although many alternatively spliced transcript variants have been identified in αRYR, we have not uncovered any splice variants of βRYR, despite screening of 27 individual birds with varying ryanodine-binding activity. Instead, we have found numerous synonymous SNP and 8 haplotypes in βRYR. Our analysis suggests that the various SNP found in βRYR could cause different secondary structures and different stabilities of βRYR mRNA (Chiang et al., 2007) .
Novel αRYR Alleles and Meat Quality
While screening alternative splice products in the 5′ region of the αRYR transcript comprising exons 12 to 14, we identified 2 copies of αRYR from different birds using genomic DNA as a template (Chiang et al., 2004) . These alleles differed in size by approximately 1 kb, and we referred to the 2 copies of genomic DNA as αRYR-I and αRYR-II alleles. Upon further analysis, we determined that the differences between the 2 alleles are associated with introns 12 and 13. Specifically, intron 12 of αRYR-II is approximately 1 kb larger than intron 12 of αRYR-I, and intron 13 of αRYR-I is approximately 100 bp longer than that of αRYR-II. Analysis of exons 12 to 14 showed no differences in sequence.
Samples from heat-stressed turkeys were classified according to αRYR genotype and compared for differences in meat quality traits. In this limited sampling, the pH at 15 min postmortem (pH 15 ) from turkeys homozygous for the αRYR-II genotype (pH 15 = 6.01 ± 0.05, n = 12) was significantly higher than that of birds with the homozygous αRYR-I genotype (pH 15 = 5.80 ± 0.04, n = 19, P < 0.01; Chiang et al., 2004) . Because early postmortem pH may be a predictor of PSE meat, these results suggest that this allele could be a marker that would be useful selecting breeding stock for improved meat quality. However, the potential utility of this marker will require additional studies with larger numbers of turkeys to correlate RYR genotype with meat quality characteristics.
Thyroid Hormone Variation Correlates with Meat Quality
Skeletal muscle constitutes the major target for the thermogenic action of the thyroid hormones. Most of the peripheral effects of thyroid hormones can be ascribed to the action of triiodothyronine (T 3 ). The major product of the thyroid gland, thyroxine (T 4 ), is converted to T 3 in liver and kidney by deiodination (Kohrle et al., 1990) . The T 3 produced in these tissues is released into the plasma and is the major source for intracellular T 3 in skeletal muscle (van Doorn et al., 1984) . Many studies have demonstrated that the Ca 2+ content in skeletal muscle is regulated by thyroid hormones. Everts (1990 Everts ( , 1996 has shown that more Ca 2+ is released from the SR in skeletal muscle from hyperthyroid rats than in muscle from euthyroid rats and thereby stimulates energy metabolism and contractility of muscle. Thyroid hormones may also alter intracellular Ca 2+ homeostasis in skeletal muscle by direct action on RYR to increase the open state probability of the channel, thereby increasing Ca 2+ flux (Connelly et al., 1994) . Alternatively, the T 4 -induced effect may be mediated by protein-protein interaction between the RYR and the thyroid hormone binding protein because a 55-kDa thyroid hormone binding protein has been identified in the skeletal muscle SR (Fliegel et al., 1990) . Moreover, an upregulation of RYR and Ca 2+ -ATPase expression has been identified in skeletal and cardiac muscle in the T 4 -induced hyperthyroid rabbit (Arai et al., 1991; Jiang et al., 2000) .
Thyroid hormones are important in the thermogenesis of warm-blooded species. Normally, thyroid size and thyroid hormone secretion rate are decreased by high temperatures and increased by low temperature in animals (Silva, 2003) . However, Bowen and Washburn (1985) showed that several growth-selected Japanese quail lines responded to heat stress with increased thyroid hormone (T 3 and T 4 ) levels, whereas the nongrowth-selected birds showed no increases. Likewise, they showed that broilers responded to heat stress with increased levels of T 3 and T 4 compared with the nonheat-stressed broilers. Judge et al. (1968) have shown that the protein-bound iodine levels were initially similar in both stress-resistant and stress-susceptible pigs after 3 d of exposure to the warm temperature. However, after 6 d of exposure to warm temperature, the stress-susceptible pigs had significantly higher serum protein-bound iodine than the stress-resistant pig. Everts and Clausen (1986) have shown that in soleus muscles from hyperthyroid rats, lactate production was 3 times higher than in controls, thereby confirming the hypermetabolic state of the hyperthyroid animals. Judge et al. (1968) demonstrated that stress-susceptible pigs that develop PSE meat have a significantly higher percentage of total plasma-131 I bound to protein than the stress-resistant pigs. Taken together, these studies suggest that an aberrant thyroid hormone response to heat stress may occur in stress-susceptible as well as in growth-selected animals, which might lead to the abnormality of Ca 2+ regulation and subject animals to the development of PSE meat.
We hypothesized that genetic selection could lead to altered response to heat stress in some turkeys, which would correlate with inferior meat quality. Two genetic turkey lines were selected for study: a random-bred, genetically unimproved line (RBC2) and a typical commercial line of turkeys selected for rapid growth rate and heavy breast muscling. Birds were raised from hatchlings to market weight using conventional husbandry practices at the Michigan State University poultry farm (Chiang et al., 2008) . Birds were subjected to diurnal heat stress (12 h at 35°C; 12 h at 27°C) for 0, 1, 3, and 5 d; another group was subjected to 7 d of heat stress followed by 7 d of ambient temperatures. Turkeys were slaughtered using standard industry practices at the Michigan State University Meat Laboratory. Breast muscle was collected for meat quality analysis and blood samples were collected at slaughter for determination of T 3 and T 4 concentrations.
The 2 turkey lines showed differential thyroid hormone responses. The T 3 levels in RBC2 turkeys were unchanged between unstressed control birds and those subjected to 1 or 3 d of heat stress. The T 3 levels decreased after 5 d but returned to that of the control level when subjected to 7 d of heat stress followed by 7 d of moderate temperatures. In contrast, the T 3 levels of commercial turkeys showed substantial fluctuation. The T 3 levels decreased after 1 d of heat stress, increased to control levels at 3 d, decreased at 5 d, and returned to the control level after the heat and recovery period.
There was significant negative correlation in both lines between marinade uptake and T 3 levels (i.e., as T 3 concentrations were reduced in response to heat stress, the protein functionality as measured by marinade uptake increased). Likewise, cook loss showed positive correlation with T 3 concentrations. Our results suggested that turkeys with high T 3 levels are more likely to produce meat of more inferior quality. Of particular significance was the stability of response by the RBC2 line in comparison to the T 3 variation of the commercial birds. Moreover, although meat from the RBC2 line had significantly higher marinade uptake under all conditions of stress, meat from the commercial line generally showed lower cook loss. In addition, there was no difference between the 2 lines in drip loss at 24 h postmortem in uncooked turkey breasts. Overall, our results suggested that meat quality of commercial birds was less consistent compared with genetically unimproved turkeys when both lines were grown under the same conditions, subjected to the same degree of heat stress, and slaughtered under the same conditions.
Future Studies and Conclusions
The RYR play a central role in regulation of avian sarcoplasmic Ca
2+
, and changes in their activity may have important implications for the development of PSE meat. Although numerous advances have been made in our understanding of avian RYR, particularly with respect to discovery of alternative splice variants, it will be important to determine whether these transcripts are translated into protein, and to determine the functional differences of these variants. Alternative splicing typically affords an organism a means of adapting to environmental changes including stress (Biamonti and Caceres, 2009 ). However, these adaptations or the lack of ability of the animal to respond to stressors such as heat may have important implications for development of PSE meat. Ultimately, the identification of genetic determinants of alternative splicing activity will prove important in development of breeding strategies to optimize use of this biochemical information to improve meat quality.
A related area of work that merits future exploration is the role of posttranslational modification and structural remodeling of RYR in response to stress. The RYR is the central component of a massive macromolecular complex responsible for calcium release. Additional components, which interact with and modulate the RYR activity, include calmodulin, calstabin 1, junctin, spinophilin, cyclic adenosine monophosphate-dependent protein kinase, and protein phosphatases (Bellinger et al., 2008) . Phosphorylation, nitrosylation of free sulfhydryl groups, and sulfhydryl oxidation can alter channel function through direct action on the channel protein or by destabilization and dissociation of regulatory proteins from the complex. There has been very little work to date linking biology of stress with posttranslational modification of RYR and meat quality.
Recent work by Dainese et al. (2009) suggests the importance of the SR calcium-binding protein, calsequestrin, in modulation of calcium release (Dainese et al., 2009 ). They produced a mouse model, which was lacking the skeletal muscle calsequestrin isoform, and found that these animals were susceptible to heat stress and halothane. Calsequestrin-null mice displayed elevated body core temperatures, severe muscle contracture, rhabdomyolysis, and high rates of spontaneous mortality upon exposure to 30 min of mild heat stress. Prior treatment with dantrolene sodium greatly attenuated the response. The characteristics of the calsequestrin isoform-null mouse response to halothane and to heat stress were strikingly similar to human and porcine responses in MH. The results suggest that alteration of calsequestrin through mutations, alternative splicing, or posttranslational modification could also play a role in PSE meat.
Efforts to address the problem of PSE poultry will continue to require approaches with both short-term interventions and long-term solutions. Improved antemortem and postharvest management strategies have resulted in significant improvements in meat quality, but the problems remain (Barbut et al., 2008) . Ultimately, identification and utilization of genetic markers associated with the stress response should enable breeders to reduce the incidence of PSE meat.
